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ABSTRACT 
The rhythmic movement of the microtubular axostyle in the termite flagellate, 
Pyrsonympha  vertens,  was analyzed with polarization and electron microscopy. 
The protozoan axostyle is birefringent as a result of the semi-crystalline alignment 
of -2,000  microtubules. The birefringence of the organelle permits analysis of 
the  beat pattern in vivo. Modifications of the beat pattern were  achieved with 
visible and UV microbeam irradiation. 
The beating axostyle is helically twisted and has two principal movements, one 
resembling ciliary and  the  other  flagellar beating. The  anterior portion of the 
beating  axostyle  has  effective  and  recovery"  phases  with  each  beat  thereby 
simulating the flexural motion of a beating cilium. Undulations develop from the 
flexural flipping motion of the anterior segment and travel along the axostyle like 
flagellar waves.  The  shape  of the  waves  differs from  that  of flagellar waves, 
however, and are described as sawtooth waves. The propagating sawtooth waves 
contain  a  sharp  bend,  -3  /.~m in  length,  made  up  of two  opposing  flexures 
followed by a straight helical segment -23  /xm long. The average wavelength is 
-25/xm, and three to four sawtooth waves travel along the axostyle at one time. 
The bends are nearly planar and can travel in either direction along the axostyle 
with equal velocity. At temperatures between 5 ~ and 30~  one sees a proportion- 
ate increase or decrease in wave propagation velocity as the temperature is raised 
or lowered. Beating stops below 5~  but will resume if the preparation is warmed. 
A  microbeam of visible light shone on a  small segment of the axostyle causes 
the typical sawtooth waves to transform into short sine-like waves that accumulate 
in  the  area irradiated.  Waves entering  the  affected region  appear  to  stimulate 
waves already accumulated there to move, and waves that emerge take on the 
normal sawtooth wave pattern. The effective wavelengths of visible light capable 
of modifying the wave pattern is in the blue region of the spectrum. The axostyle 
is severed when irradiated with an intense microbeam of UV light. Short segments 
of axostyle produced by severing it at two places with a UV microbeam can curl 
upon  themselves  into  shapes  resembling  lockwashers.  We  propose  that  the 
sawtooth waves in  the  axostyle of P.  vertens  are  generated by interrow cross- 
bridges which are active in the straight regions. 
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Microtubule-containing  motile organelles such as 
cilia  and  flagella  propagate  undulatory bending 
waves along their length. The mechanism of bend 
formation is  thought  to  be  the  result of active 
sliding  between  adjacent  doublet  microtubules 
(for reviews, see references 15, 32). In order for 
the sliding movements between tubules to produce 
regular bending waves,  however,  it is necessary 
for the sliding to be properly localized and coor- 
dinated. Direct evidence concerning the  mecha- 
nisms that  regulate  sliding has  been difficult to 
obtain. In cilia and flagella, it has been postulated 
that the central tubules together with the central 
sheath and the radial links that join them to the 
outer doublets are  involved in the  coordination 
process  (33,  34).  How these  components might 
interact to produce a system for the coordination 
of bending is not understood. 
The microtubule-containing  organelle known as 
the axostyle found in certain zooflagellates (8, 9, 
10, 11) also propagates undulatory bending waves 
(18, 19). This organelle is appealing as a model of 
microtubule-associated movement because of its 
structural simplicity and large  size.  Electron mi- 
croscopy studies show that the motile axostyle in 
the  wood  roach  protozoans Saccinobaculus (19, 
24) and the termite protozoans Pyrsonympha (4, 
7,  13,  18, 20, 30, 31) contains several thousand 
singlet  microtubules  interconnected  by  cross- 
bridges.  The  microtubules  are  organized  into 
rows,  and the  microtubules within the  rows are 
connected to  each  other  by  regularly occurring 
linkers or intrarow bridges. In turn, the  rows of 
microtubules are interconnected by less regularly 
occurring cross-bridges or interrow bridges. The 
intrarow bridges appear periodic along the tubules 
with a spacing of 16 nm. The interrow bridges are 
not strictly periodic and can be oriented at varying 
angles to the axis of the microtubule (3, 24). The 
axostyle, therefore, is both organizationally  simple 
and contains a small number of accessory compo- 
nents. 
The bending of the axostyle in Saccinobaculus 
appears to be accompanied by sliding of rows of 
microtubules relative to one another (2, 25). This 
axostyle contains a protein with enzymatic activity 
and molecular weight that are similar to those of 
ciliary" and flagellar dynein and a  protein with a 
molecular weight similar to that of flagellar nexin 
(26).  The  dyneinlike protein  is  thought  to  be 
located in the interrow bridges (2), and the nex- 
inlike protein in the intrarow bridges. The move- 
ment of the  axostyle in Saccinobaculus  is  inter- 
preted as the propagation of circular arcs down a 
helical  ribbon  (25).  The  axostyle  therefore  has 
been shown to have both structural and functional 
features in common with cilia and flagella. 
The motion and organization of the axostyle in 
Pyrsonympha  are  different  from  those  of  the 
axostyle in Saccinobaculus. In Pyrsonyrnpha, the 
rows of microtubules are shorter and more numer- 
ous and the bends on the axostyle are separated 
by long unbent regions (18, 23, 31). The packing 
order of the microtubules has been shown to differ 
in the  bent and straight regions of the  axostyle 
(31) but a detailed analysis of this bending motion 
has not been described. In this paper,  we  show 
that the axostyle exhibits both cilia- and flagella- 
like movements and that the undulatory waves are 
sawtooth in shape. We also describe perturbations 
of  the  axostyle's activity, analyze the  effects  of 
temperature on  the  beat characteristics, and re- 
port  changes  in  the  wave  form  after  blue  and 
ultraviolet microbeam irradiation. 
MATERIALS  AND  METHODS 
The termites used in this study were collected along the 
Atlantic coast from North Carolina to Cape Cod, but 
primarily in  the  vicinity of  Philadelphia. They  were 
collected in infected wood and stored in plastic boxes in 
the laboratory. 
To release the anaerobic protozoa from the hindgut, 
the abdomen of a worker termite was placed in a drop of 
medium on a glass slide and gently opened with fine 
dissecting needles. This operation was performed in a 
CO2 atmosphere to maintain anaerobiosis. The exposed 
hindgut was then ruptured, releasing its contents into the 
drop of medium. The drop of medium was covered by a 
glass coverslip, each comer of which was supported by a 
small fragment of coverslip to  prevent  flattening the 
cells. The edges of the coverslip were sealed to the slide 
with valap (vaseline, lanolin, paraffin; 1:1:1  ). Cells could 
be maintained for several hours in such a preparation 
before the axostyle beat was noticeably affected. 
Another  method of preparation involved squeezing 
the abdomen of the termite with fine-tip forceps, forcing 
out some of the hindgut content. The droplet of fluid 
was mixed into a drop of medium on a glass slide, and 
the preparation sealed with valap. This type of prepara- 
tion had the advantage of being free of tissue and debris 
from the termite abdomen which interfered with obser- 
vations in polarized light. If preparations were sealed 
quickly enough, a CO~ atmosphere was not necessary. 
The medium routinely used was a modified Hungate 
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ing  to  the  rules  of  Provasoli  (28),  and  contains  the 
following  chemicals:  22.5  raM  NazHPO4,  1.0  mM 
CaCI2, 15 mM NaH2PO, 0.01 mM MgSo4,  10 mM KC1, 
0.01  mM (NI~)~SO4, 5  ~M FeSO4,  1  tzM CuSO4, 25 
~M H.~BO:~, 1 /zM ZnSO4, 1 /xM MnCI2,  1 /xM MoO.a. 
This medium was prepared in Ballantine distilled water 
(1) and the pH was adjusted to 7.0. Human saliva was 
sometimes  used  to  sustain  the  cells.  Saliva  is  slightly 
hypotonic for  these  cells,  and  they  tend  to  gradually 
swell in it. 
Observations were made with either a Zeiss Universal 
phase contrast microscope or a Leitz Ortholux polarizing 
microscope equipped with American Optical strain-free 
rectified  objectives  and  condenser.  HN22  polaroid 
sheets (Polaroid, Inc., Cambridge, Mass.)were used for 
polarizers and ~,/20 mica plate (Brace-Kohler design) 
for the compensator. A high pressure quartz mercury arc 
lamp (HBO/200, Osram), together with heat-absorbing 
filters (Edmund's Scientific Co., Barrington, N. J.) and 
monochromatic  green  multilayer  interference  filter 
transmitting the bulk of the mercut  3, 546 nm line (Baird- 
Atomic, Inc., Cambridge, Mass.), was used. 
For studies involving visible light and long wavelength 
UV  microbeam  irradiation,  a  slit  several  tenths of  a 
millimeter in width was  placed  at  the  field stop.  The 
image of this slit projected onto the  specimen by the 
condenser provided the proper size microbeam of ~ 10 
/.tin.  To  irradiate,  the  green  interference  filter  and 
polarizer,  but  not  the  heat-absorbing filter,  were  re- 
moved, thus illuminating the cell with visible white light. 
The glass lenses, filters and slide effectively eliminated 
the UV and infrared regions of the spectrum, permitting 
only light with wavelengths between 320 and 770 nm to 
pass. For UV studies, the glass condenser was replaced 
with a quartz condenser, and a quartz coverslip was used 
instead of a glass slide. To produce the desired effects. 
the axostyle was irradiated 10-30 s. 
Temperature effects were obtained with a  tempera- 
ture-controlled microscope slide through which water of 
various temperatures was circulated. 
Motion pictures of the movement in polarized light 
were  made  with  an  Arriflex  movie  camera  (Arriflex 
Corp. of America, Westbury,  N.  Y.).  Obtaining suffi- 
cient light through the polarizing microscope for proper 
exposure was a problem. Nevertheless, a framing rate of 
up to  20/s  was obtainable, using Kodak  16-mm Tri-x 
reversal film processed in Kodak D-19 developer for the 
recommended time. 
Measurements of wave  displacement,  basal  inclina- 
tion, and velocity were taken from the cine film with a 
Vanguard motion analyzer. The beat frequency of the 
axosryte was quantitated with a  photomultiptier on the 
microscope as follows:  A  photomultiplier tube was at- 
tached to the ocular of the polarizing microscope, and a 
small segment of the axostyle only was illuminated by 
closing down  the  field diaphragm.  The  output of the 
photomultiplier was amplified by a simp!e two-step DC 
amplifier and recorded on a strip chart recorder capable 
of responding to -20 cps with a  10-mm pen travel. As 
the  azimuth  angle  of  the  illuminated  portion  of  the 
axostyle changed relative to the polarizer and compen- 
sator angles, corresponding to a beat, the brightness of 
the axostyle changed, and the subsequent intensity vari- 
ation was recorded on the graph paper. Thereby, each 
spike on the chart represented a beat+ 
Cells for electron microscopy were fixed for 1.25 h in 
a  2%  glutaraldehyde  solution  made  up  in  0.05  M 
cacodylate buffer and  1% CaC12 at pH 7.4.  The cells 
were washed in the cacodylate buffer with CaCI2  plus 
10% sucrose for 30 rain and postfixed in 1% OsO4 made 
up in the same buffer for 45 min. The cells were then 
dehydrated through a graded series of acetone solutions 
and,  when  in  100%  acetone,  embedded  in  Araldite. 
Thin sections were cut on a  Sorvall Porter-Blum ultra- 
microtome  II  (DuPont  Instruments-Sorvall,  DuPont 
Co., Wilmington, Det.), stained with uranyl acetate and 
lead citrate, and viewed with a Philips EM 200 electron 
microscope. 
RESULTS 
Description of the Axostyle 
In  Pyrsonympha  (Fig.  1),  the  axostyle  origi- 
nates from a  rodlike structure at the anterior tip 
of the  organism.  This curved  rod  (19)  has been 
shown  to  contain  a  single  row  of  cross-bridged 
microtubules  associated  with  a  cross-hatched  set 
of 5- to  10-nm filaments and a  pair of centrioles 
surrounded  by  dense  amorphous  material  (4,  7, 
20,  30).  In  the  phase  contrast  microscope,  the 
Pyrsonympha vertens 
axostyle  ~,,  ~  flagellum 
hol  ""  ~ 
r~.~trum  ~ 
lO0.um 
FIGtrRE  1  A  diagram  of  P.  vertens. The  dominant 
features of the cell, as seen in the polarizing microscope, 
are  shown. Three waves are depicted on the axostyle. 
The  waves  are  sawtooth  in  shape  with  a  sharp bend 
followed  by  a  long  straight  regiom  h  refers  to  one 
wavelength. The bends consist of arcs A  and B; arc A 
has a positive radius of curvature, and arc B has negative 
curvature. The irregularly-shaped objects in the poste- 
rior half of the organism are  vesicles containing wood 
particles. Four flagella originate in the rostrum and wrap 
spirally around the organism. As the organism swims, it 
rotates about its long axis. 
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rod aligned perpendicular to the long axis of the 
axostyle (Fig.  2).  In  the  polarizing microscope, 
this rod is positively birefringent (Figs. 3 and 11). 
Because  it  is  aligned with  its long  axis  normal 
(90  ~  to the length of the axostyle, which is also 
positively birefringent, the  rod appears opposite 
in contrast to the axostyle. This rodshaped struc- 
ture is termed the axial ribbon-basal body complex 
(7) and serves as an important marker for analysis 
of the axostyle's motion. 
The  singlet  microtubules  of  the  axostyle  are 
aligned parallel to one another along the length of 
the  organelle.  In  cross-sections of the  axostyte, 
one  sees  that  the  microtubules  are  uniformly 
distributed in a semicrystalline array (Fig. 4). The 
microtubules  of the  axostyle are  interconnected 
by the  intrarow and  interrow cross-bridges. The 
axostyle has -75  rows of microtubules with 25- 
30 microtubules per row, 
In  the  polarizing microscope,  the  retardation 
([coefficient of birefringence]  x  [thickness])  of 
the  axos~,le is a  measure of its thickness in  the 
direction of the light path since the microtubules, 
which are responsible for the birefringence, have 
a  uniform  distribution  and,  hence,  a  uniform 
coefficient of birefringence. Because the axostyle 
is about three times wider than  thick, it appears 
brighter or darker when it is viewed on its side (its 
narrow  aspect),  than  when  viewed from  top or 
bottom (its wide aspect) (Fig. 3). It is possible to 
compare maximum and minimum apparent widths 
with the retardation at the corresponding points 
on the axostyle. When this is done, one finds that 
retardation  varies  inversely with  width  as  pre- 
dicted. 
The  axostyle,  which  measures  ~100  /xm  in 
length,  is helically twisted. The  intrinsic twist in 
the axostyle is shown in the phase contrast micro- 
graph of Fig. 2. One sees, between the two bends 
in the axostyle of this cell, differences in contrast 
which  correspond  to  differences  in  width  and 
thickness  of  the  organelle.  These  variations  in 
width and thickness result from the fact that the 
axostyle is helically twisted. 
The  degree  of  twist  can  be  ascertained  by 
measuring  the  distance  between  a  point  on  the 
axostyle  of  maximum  and  an  adjacent  one  of 
minimum  width,  or of minimum  and  maximum 
birefringence  at  a  given  instant  in  time.  This 
length  constitutes  a  rotation  of 90  ~  When  this 
measurement is made, the axostyle is found to be 
intrinsically twisted at a pitch of 133  -  10 p,m, or 
with an average twist of 2.7~  As a  result of 
the  twist on  the  axostyle, planes defined by, for 
example, the bend region of two successive waves 
will be rotated -68 ~ with respect to one another. 
Movements of the Axostyle 
Axostyte-associated motility  in  P.  vertens  is 
characterized by a rhythmic flipping motion of the 
anterior region  of the  organism,  and  the  move- 
ment  of sharp  bends  along the  helically twisted 
organelle. From analysis of axostyle movement on 
cine  film  (see  set  of  frames  in  Fig.  3)  these 
activities can  be  resolved into  four  basic move- 
ments: two primary, motions, undulatory and flex- 
ual,  and  two  secondary, motions,  rotational and 
precessional.  The  undulatory,  motion  resembles 
wave  propagation along flagella, and  the flexual 
motion simulates the bending of cilia. 
THE  UNDULATORY  AND  ROTATIONAL 
COMPONENTS  OF  THE  MOVEMENT:  The 
undulato~  component  of the  axostyle's motion 
constitutes the  propagation of bending waves at 
an  average  frequency  of  2/s.  The  propagated 
waves  most  closely  resemble  sawtooth  waves 
whose wavelength varies between 20 and 35  p.m. 
When actively beating, three or four waves travel 
along the axostyle at any given time (Fig. 3). 
Each  sawtooth  wave  contains  a  long  straight 
segment which is -22  ~m and a bend which has 
two circular arcs with a combined arc length of --3 
/~m  (Fig.  1).  The  straight region  appears to  be 
stiff since it usually shows no tendency to bow. In 
the bend region, the two arcs are contiguous, one 
(arc A) having a positive and the other (arc B) a 
negative radius of curvature (Figs. 1 and 3). Arcs 
A  and  B  may  be  functionally  identical  to  the 
principal  and  reverse  bends  of  flagellar  waves 
(16). The radius, which averages 1.4  /~m,  of the 
two arcs varies independently as the wave propa- 
gates.  The  arcs subtend  angles which  range  be- 
tween  40  ~  and  60  ~  and  arc  A  is  usually  less 
variable than arc B. This small variation in angle 
appears to accommodate the cell contour and the 
ingested wood particles. 
As bends  propagate,  they  appear in  different 
orientations as they travel along the twisted axo- 
style (Fig. 3). The bends are nearly planar and the 
plane of the  bend  is perpendicular to  the  plane 
which  defines the width of the  axostyle (Fig, 5) 
(22).  Therefore,  when  a  bend  is observed in  a 
region which displays the maximum width of the 
axostyle, the arcs of the bend are barely detectable 
(see wave  in  middle of axostyle in  Fig. 3n-p ). 
524  ThE  JOURNAL  OF  CELL  BIOLOGY '  VOLUME  80, 1979 FIGURE  2  Phase contrast micrograph of P. vertens  showing the helical twist in the axostyle. This cell is 
flattened to improve the image quality. Flattening prevented the cell from beating, and two inactive bends 
are present in the axostyle. The twist in the ribbon-shaped axostyle is visible as a variation in width and 
contrast of the organelle. The axostyle is -3  x  wider than thick. A, axostyle; F, flagellum; N, nucleus; R, 
axial ribbon-basal body complex. 
LANGFORD AND  INOU~  Motility of the Microtubular Axostyle in Pyrsonympha  525 FIGURE 3  Sequential frames from a  cine-film  made through  the polarizing microscope of the beating 
axostyle in P.  vertens.  The axostyle (see labeled diagram in Fig. 1) is shown in dark contrast. Three waves 
can be seen on the axostyle.  This set of frames follows the movement of these waves through 1  t/2 beating 
cycles.  The  birefringent  particles  in  the  posterior  half of  the  organism  are  ingested  wood  particles 
contained in vesicles. The cell is beating at -2 beats/s. Filmed at 18 frames/s.  ￿  500. 
The  small  amount  of  displacement  nevertheless 
seen  in the bend  region suggests that  the bend  is 
not  strictly planar  and  that  local bend-associated 
twisting may take place. 
The  intrinsic  twist  in  the  axostyle  appears  to 
dissipate  in  the  region of the  bend  and  reappear 
after the bend passes (Fig. 3). This untwisting and 
retwisting is observable as a rolling motion of the 
526  THE  JOURNAL OF  CELL  BIOLOGY ￿9 VOLUME 80,  1979 FIGURE  4  TWO cross-sections of an axostyle. The microtubules of the axostyle are organized into rows. 
This axostyle has split into two halves, and only 35 of the 75  rows are shown in these two micrographs. 
The  microtubules within  the  rows are  interconnected by  regular  intrarow  cross-bridges. The  rows of 
microtubules are interconnected by an occasional interrow cross-bridge. The upper micrograph shows the 
axostyle with curved rows apparently in an unbent region. The lower micrograph, taken farther along the 
same axostyle and just before a bend was encountered, shows straight microtubular rows. The transition 
to a straight configuration is presumed to take place in response to bend formatiorr. The number of rows 
and the number of tubules within a row have changed from the first to the second micrograph. Counting 
from left to right, row number one is missing in the lower micrograph. Also, row number two of the upper 
micrograph has one tubule more than the equivalent row of the lower micrograph. The number of tubules 
in the rows tends to be greater in the upper micrograph, hut the number of rows is greater in the lower 
micrograph with the result that the total number of tubules in each cross-section is almost the same.  x 
75,000. 
axostyle back and forth about its longitudinal axis. 
This motion is called the rotational component of 
the axostyle's motion and is classified as a  second~ 
ary component  because  it appears  to be  a  conse- 
quence of the  propagation  of the undulatory  mo- 
tion imposed on a  helically twisted structure. 
The rolling motion is measurable as a change in 
width  of  the  axostyle  as  waves  propagate.  One 
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DIAGRAM  OF  THE  BEND IN  2 DIMENSIONS 
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F~GURE 5  Diagram  of  the  plane  of the  bend  in  the 
axostyle of P.  vertens.  In two dimensions,  the bend is 
shown to be almost planar. When the axostyle is viewed 
with its width to the viewer, the bend is barely visible. 
When  the  axostyle is  rotated  90  ~  the  two contiguous 
arcs  are  seen.  In  three  dimensions,  orthogonal  axes 
representing the length, height, and width of the axostyle 
are shown.  A row of microtubules is aligned along the y 
axis, and the bend is in the y-z plane. 
sees a 20% change in width at any given point on 
the axostyle as a wave approaches and passes that 
point.  The  change  in  width  reflects exposure  of 
different aspects  of the  axostyle which  is shaped 
like a flattened rod with a width-to-height ratio of 
-3:1. 
In  sections  through  the  straight  portion  of the 
axostyle, the individual rows of microtubules  are 
all  curved,  with  curvature  becoming  greater  as 
one progresses from the top of a  row  (the top of 
the axostyle is adjacent to the cell surface) to the 
bottom of it (bound  by a  row of microtubules set 
apart  from  the  axostyle  proper)  (Fig.  10).  In 
sections through the axostyle that are in or near a 
bend,  the  rows  are  not  curved but  straight  (Fig. 
4).  Apparently,  the curvature of the rows, which 
straightens  only  in  the  bend,  serves  to  maintain 
the stiffness of the axostyle in the unbent regions. 
Wave velocity often  varies along the  length of 
the  axostyle,  usually  with  a  maximum  velocity 
approaching  60  /xm/s and  an  average velocity of 
40  /xm/s at 21 ~ --  I~  A  typlical velocity profile 
is  shown  in  Fig.  6.  The  position  dependency  of 
velocity is a  result  of obstructions  in the  path  of 
the  wave.  When  the  wave experiences obstacles 
such as large cytoplasmic vesicles containing wood 
chips,  neighboring cells, or solid extracellular de- 
bris,  the  velocity  decreases.  The  wave  is  quite 
susceptible to impediment for two reasons. Firstly, 
the  wave  has  a  long  straight  region  that  is  not 
deformable,  and  secondly,  it  follows  a  helical 
rather  than  a  straight  path.  Therefore,  when  a 
wave tries to pass an obstruction, it usually cannot 
do so without a change in wavelength. To achieve 
this,  wave  velocity  is  retarded  with  a  resultant 
wavelength change.  When  one wave is impeded, 
often  the  effect  is  transmitted  to  the  oncoming 
wave.  When  waves  do  not  experience  obstruc- 
tions,  the  velocity  does  not  fluctuate  along  the 
length of the axostyle but remains constant. 
Obstruction to wave passage can be imposed by 
gently  flattening  the  cell  between  coverslip  and 
slide.  When  this  is  done,  an  otherwise  constant 
wave velocity can  be  caused  to  become  variable 
along the axostyle. A  simple reorientation  of the 
cell  between  coverslip  and  slide  can  relieve  the 
obstruction,  and  the  velocity  becomes  constant 
again. 
THE  FLEXURAL  AND  PRECESSIONAL 
COMPONENTS  OF  THE  MOVEMENT:  The 
second most obvious movement of the axostyle is 
the  flipping  motion  of  the  proximal  end.  This 
motion, which occurs with the formation of each 
new wave, is described as the flexural component 
of the  beating  axostyle.  This cilialike movement 
has recovery and effective phases with each beat. 
To illustrate this movement, a diagram showing 
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PIGURE  6  Wave velocity profile of bends moving along 
an axostyle 120  p,m long. This record is an  average of 
five  successive  waves.  The  velocity varies  along  the 
axostyle, producing a pattern that is characteristic for the 
cell. The variation in velocity is a result of obstructions 
in  the  path  of  the  wave  (see  text).  Notice  that  the 
velocity  is  oscillatory  along  the  whole  axostyle  even 
though obstructions,  as seen from cine-film, only occur 
at distances  of 25 and 95 /xm along the axostyle. 
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axostyle at different time intervals during its beat 
is given in Fig. 7. Also shown is a graphic record 
of (a) the time change of the angular inclination 
of the  anterior one-fifth of the  axostyle with the 
axial  ribbon  basal  body  complex,  and  (b)  the 
position of the bend along the axis of the axostyle. 
The measurements were made on prints obtained 
from cine films of the axostyle taken at 18 or 20 
frames/s.  The  detailed  timing of  the  beat  of an 
axostyle is often not constant from on cycle to the 
next,  and  so  the  record  given  is  a  typical  one, 
since it is not possible to average out the individual 
differences between beats. 
The recovery phase of the motion involves the 
initiation and movement of a bend a few microm- 
eters along the axostyle (Fig. 7a, times 0 and 0.35 
s). During this initial phase of movement the bend 
contains a  single  arc  only  (arc  A)  which  has  a 
'  i  "" 
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FIrURE  7  A  diagram of the cilialike  behavior of the 
anterior segment of the axostyle during the initiation of 
a wave. (a) A diagram of the anterior 1/5 of the axostyle. 
A thin bar at the base of the axostyle represents the axial 
ribbon-basal body complex. The angular inclination of 
the axostyle  with the basal body complex  is shown  at 
five time intervals. The early phase of the beat (times 0, 
0.35,  and 0.7  s)  is the  recovery  phase.  The effective 
phase of the beat begins after time 0.7 s. (b) A graph of 
the  information depicted  in a  showing  the  angle O, 
measured in degrees as a function of time (closed circles) 
and  the  position of the  bend measured  in  ~m,  as  a 
function of  time  (open  circles).  During the  recovery 
phase, angle O increases from 90  ~ to 100  ~ and remains 
at 100  ~ Just before the effective phase, angle 0 returns 
to 90  ~ and quickly increases to 126  ~ Bend displacement 
(open circles) is diphasic,  exhibiting a slow rate during 
the recovery  phase  and a fast rate during the effective 
phase. 
"positive"  radius  of  curvature.  Just  before  the 
onset of the effective stroke,  another arc (arc B) 
with  a  "negative"  radius  of  curvature  appears 
immediately distal to the initial arc which has now 
travelled a few micrometers from the proximal tip 
(Fig. 7a, time 0.85  s). With the formation of arc 
B, the axostyle swings through the effective stroke 
(Fig. 7a, times 0.85 and 0.90 s). The end of the 
effective stroke  occurs with the formation of an- 
other bend at the base signalling the formation of 
a new wave. 
The  angular inclination of the  axostyle  to  the 
axial ribbon basal body complex is shown in the 
graph  in  Fig.  7b.  The  axial  ribbon basal  body 
complex is shown in Fig. 7 a  as a  thin rod at the 
very base of the axostyle aligned perpendicular to 
its long axis.  As  is seen in the  graph,  when the 
bend  is  first  initiated  at  time  0.1  s  the  basal 
inclination is 90  ~ It quickly rises to 100  ~ and stays 
at  about  this  inclination  for  0.5  s.  Then  the 
inclination quickly falls back to 90  ~ which signals 
the onset of the effective stroke.  This is also the 
time at which arc B is being formed. After return- 
ing to 90  ~ the axostyle swings through the effective 
stroke forming an angle of 126  ~  . This causes the 
initiation of another bend. The angle of inclination 
returns to 90  ~ and the  sequence is repeated with 
each new wave. 
The  movement of the bend along the axostyle 
during  this  flexual  motion  is  not  constant,  but 
appears to be diphasic. During the recovery phase 
of the stroke and when the bend contains only one 
arc, the bend moves slowly (Fig. 7b).  However, 
after  the  second  arc  is  formed  and  during  the 
effective phase, the bend moves more rapidly. 
The  fact  that,  during the  recovery  phase,  the 
angle  of  inclination rises  and  then  falls  may  be 
apparent rather than real. It may result from the 
rotation  of  the  axostyle  which  affects  the  mea- 
sured angle, 
The  fourth  component  of  the  axostyle  move- 
ment is the  precessional component which is ex- 
hibited ony at the rostrum. The whole anterior tip 
of  the  axostyle,  together  with  the  axial  ribbon- 
basal body complex, precesses synchronously with 
the  initiation of each wave.  The  precessing ros- 
trum sweeps out an ellipse that could well be the 
compression of a circular path that appears ellipt- 
ical. because of the orientation of the cell. 
These  four  movements  describe  the  vigorous 
beating of the  axostyle.  The  flexural motion has 
the most profound effect on the locomotion of the 
organism. The cell uses this motion to reorient its 
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and debris. 
PERTURBATIONS  IN  THE  MOTION  OF  THE 
AXOSTYLE"  Quite  often  when  preparations  are 
made of P. vertens, one observes deviations from 
the normal behavior associated with the axostyle. 
Some of these perturbations  are described below. 
Rotating Polygon Appearance 
Sometimes,  upon  being  released  from  the  ter- 
mite  gut,  these  cells  swell  and  lose  their  pear 
shape,  becoming partially spherical. This happens 
frequently  when  saliva  is  used  as  the  medium. 
When  the  cell  takes  on  a  more  or less  spherical 
shape,  the  axostyle  is  caused  to  form  what  ap- 
proaches a  loop. Waves continue to propagate  on 
the  axostyle,  however.  Waves on  the  axostyle  in 
this  configuration  give  it  the  appearance  of  an 
open  rotating  polygon  (Fig.  8).  The  wave  shape 
and properties are not affected. The angles of the 
arcs  in  the  bend  region  change  to  accommodate 
this orientation. Again, arc A  is less affected than 
arc B.  At times,  arc B  is only slightly evident, to 
the point of being almost absent. 
Local Loss of Stiffness 
A  frequent anomaly  that  affects the axostyle is 
the loss of stiffness over a short region. The region 
affected  is usually  the  same  in  all cells,  and  it  is 
the region in the area of the nucleus. The effect of 
the  stiffness  loss  is  to  increase  the  radius  of 
curvature  of  the  bend  region  of  the  wave  as  it 
passes the affected region and to allow the straight 
region of the wave to bow (Fig. 8).  After a  wave 
passes the affected region, the wave shape returns 
to  normal.  The  cause  of this  stiffness  loss  is not 
understood. 
Reversal of Propagation Direction 
Cells  that  have  been  beating  in  culture  media 
for a  few hours  begin to show a  decrease  in both 
beat  frequency  and  propagation  velocity.  The 
frequency becomes irregular and waves sometimes 
stop  on  the  axostyle.  On  occasion,  these  waves 
reverse their propagation direction. Usually, when 
this occurs, the waves simply back up without any 
apparent  change  in  the  wave shape.  In  this case, 
the wave moves towards  the  basal  body with arc 
A  travelling ahead  of arc B.  On other occasions, 
the wave shape  is seen to reverse before reversal 
of propagation  direction.  Velocity in  the  reverse 
direction  can  be  as great  as in  the  forward  direc- 
tion.  The  propagation  direction  can  change  back 
and  forth  many  times,  usually  with  cessation  of 
activity between shifts. 
Wave Initiation other than at the Base 
Waves  can  be  initiated  at  any  point  along  the 
axostyle including the distal end, in which case the 
waves  travel  toward  the  base.  Wave  initiation 
other  than  at  the  base  usually  occurs  after  cells 
have  been  in  culture  medium  for  a  few  hours. 
Most  frequently,  waves  initiate  from  preexisting 
waves  that  are  temporarily  stopped  on  the  axo- 
FIGURE 8  Polarized  light  micrographs  of an  axostyle.  The  axostyle  has  assumed  a  rotating  polygon 
configuration. Waves continue to propagate along the axostyle in this configuration. They are reminiscent 
of the movement of the polygons  observed by Kamiya (21) in  the cytoplasm expressed from the fresh 
water alga Nitella. Note also that the segment between the second and third bends is bowed, appearing to 
exhibit a local reduction in stiffness.  The bends in this region have larger radii of curvature than normal. 
This stiffness  loss is localized to the region including  these two bends.  Waves past  that  region have the 
normal shape,  x  500. 
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At  other  times,  waves  can  be  initiated by  the 
axostyle's  being  deformed,  because  of  contact 
with  neighboring protozoans.  In  one  instance, 
when a  Trichonympha  bumped into the axostyle 
of a P.  vertens,  a  wave was  initiated from  that 
region both towards the centriole and towards the 
distal  end.  Sometimes,  waves  are  initiated de 
novo.  Wave shape  and properties are the same, 
regardless of the point of origin. 
Splitting of the Axostyle into Two 
or More Parts 
Axostyles  are  frequently seen  split  into frag- 
ments. The splitting occurs along the longitudinal 
axis.  Usually, the  first  split seen  in an  axostyle 
occurs more or less along the center, dividing the 
axostyle into two halves of equal widths (Fig. 9). 
These  halves  often  divide  several  more  times. 
Waves continue to  propagate  on the  fragments. 
As would be  expected,  the  small fragments are 
not nearly as stiff as the intact axostyle, and as a 
result there is a tendency for the straight portion 
of the wave to bow and for the arcs to take on a 
larger radius of curvature. Propagation velocity is 
not affected.  Splitting occurs between the micro- 
tubular rows (Fig. 10). 
Effects of Temperature on the 
Axostyle Beat 
Changes  in  temperature  have  an  immediate 
effect  on  the  rate  of  wave  initiation  and  the 
propagation velocity. Using a temperature control 
slide  and  a  photomultiplier to  record  beat  fre- 
quency (as described in Materials and Methods), 
one finds that  at  temperatures below  -5~  the 
movement stops  altogether,  but  as  soon  as  the 
temperature  is raised  the  axostyle starts  to  beat 
again, first sluggishly, and then vigorously in the 
course of a minute or so. Birefringence, however, 
is not altered by low temperature. In general, at 
temperatures between  50  and  30~  one  sees  a 
proportionate increase or decrease in wave prop- 
agation velocity as temperature is raised or low- 
ered. 
After  lowering the  temperature  and  then  re- 
turning it to ambient, propagation velocity usually 
returns to  normal before  frequency does.  As  a 
result, axostyles recovering from lowered temper- 
ature will have only one or two waves travelling 
on  them  during the  early  part  of  the  recovery 
stage. As the axostyle accommodates to ambient 
temperature,  the  number of  waves  approaches 
normal. The  general wave shape  is not affected 
during this process. 
Microbeam Experiments 
IRRADIATION  WITH  VISIBLE  LIGHT:  Axo- 
styles illuminated with intense visible white light 
become  sluggish  and  quickly  stop  beating.  By 
irradiating only a small part of the axostyle with a 
microbeam of visible light (described in Materials 
and  Methods),  a  local  effect  can  be  produced. 
When a  10-g~m segment of the axostyle is irradi- 
ated, the following effect is observed. The waves 
on the axostyle up to the spot of illumination are 
not altered. Their shape, wavelength, and propa- 
gation are unchanged. At the point of irradiation, 
however, the  shape of the wave changes from a 
sawtooth to a  short wavelength "sinelike" wave, 
FIGURE 9  Polarized light micrographs of  a  cell whose axostyle is  split along its  center  into  three 
fragments. The fragments can be seen to beat somewhat out of phase. Sequential frames, 18 frames/s. ￿ 
500. 
LANGFORD AND  INOUf~  Motility  of the Microtubular  Axostyle in Pyrsonympha  531 F~GURE 10  Electron micrograph cross-section  of an axostyle that is split into two pieces.  The splitting 
occurs between rows and usually not within rows, EC, extracellular space.  ￿  54,000, 
and this "modified" wave usually does not propa- 
gate. As a result, sinelike waves accumulate in the 
irradiated area (Fig.  11). At times, when enough 
waves  arrive  at  that  area  to  fill  it,  some  "slip 
through" in spurts and continue into the distal end 
of  the  axostyle  (Fig.  11).  It  appears  as  though 
waves entering the affected region push along, or 
stimulate the  propagation  of waves  accumulated 
there.  The  distal  end  then  beats  as  a  sawtooth 
wave, indicating that only the irradiated region of 
the  axostyle  is  altered.  The  usual  cessation  of 
propagation  of  the  short  wavelength  sinelike 
waves  in the  irradiated  area  makes  it  appear  as 
though the irradiated area has acquired a  higher 
viscosity or stiffness, and the waves have greater 
difficulty traversing that region. A  slight degree of 
reversibility is sometimes observed  in  the  irradi- 
ated area, but generally the effect is not reversible. 
532  ThE  JOURNAL OF  CELL BIOLOGY" VOLUME 80, 1979 Iq6URE  1 1  Polarized light micrographs  of an axostyle irradiated with a  microbeam of blue light.  The 
first row of micrographs  (a-e) shows the normal beating axostyle.  Micrograph f  shows the area of the 
axostyle irradiated with the blue light microbeam. The second row of micrographs  (g-/) shows the effect 
of the irradiation. In the area irradiated, short sine waves accumulate and fill the region. Waves that slip 
through  the  microbeamed region assume the  normal sawtooth  waveshape.  There  is  no reduction of 
birefringence in the area irradiated. Sequential frames, 18 frames/s.  ￿  500. 
Once the propagation stops in the affected region, 
very seldom does  it start up again.  When waves 
can no longer slip through the irradiated region, a 
wave  sometimes  spontaneously  starts  from  the 
distal end of the  axostyle  and travels up to  that 
region. A  rough estimation of the action spectrum 
for  this  effect  was  determined by using either  a 
blue, green, or red glass filter over the light source 
when  irradiating  cells.  Wave  modification  was 
observed  only when  the  axostyle  was  irradiated 
with blue light. We therefore describe this modi- 
fication as a blue light effect. 
IRRADIATION  WITH  ULTRAVIOLET;  An 
axostyle irradiated with a  microbeam of UV light 
responds  differently  than  when  irradiated  with 
blue light.  UV light severs the  axostyle into two 
pieces  (Fig.  12).  The birefringence in the micro- 
beamed region disappears,  which means that the 
elements  responsible  for  the  birefringence,  i.e., 
the  microtubules, must  have  broken  down.  The 
anterior end  continues to  initiate and  propagate 
waves,  the  posterior  half does  not.  Short  expo- 
sures  to  UV,  insufficient to  sever  the  axostyle, 
sometimes  caused  waves  to  stop  short  of  the 
irradiated  region.  Low  dosages  of  UV  did  not, 
however, duplicate the blue light effect. 
A  surprising observation was made after some 
of the axostyles were severed with UV. In several 
cases,  the  severed ends began to  move together. 
This  movement  did  not  appear  to  be  passive, 
resulting from forces in the cell cytoplasm or cell 
surface, but to be movement resulting from activ- 
ity in the irradiated region itself. This apparently 
"active"  movement  could  be  explained  if there 
were  a  few microtubules connecting the two sev- 
ered pieces that could serve as elements for some- 
how moving the pieces together. 
An  interesting  phenomenon  occurs  when  an 
axostyle  is  severed  in  two  places,  separated  by 
about  one  wavelength.  The  short  segment  pro- 
LANGFORD AND  INOUI~ Motility of the Microtubular  Axostyle in Pyrsonympha  533 FIGURE 12  Polarized  light micrographs of the axostyle irradiated with a UV microbeam. The top row of 
three micrographs indicates before, during, and after irradiation. Before irradiation, the axostyle had 
stopped beating. After irradiation, the birefringence in the microbeamed region is gone, and the severed 
ends curl. The bottom row of three micrographs shows an axostyle that has been irradiated at two points 
on either side of a bend that had momentarily stopped on the axostyle. The third micrograph of this series 
shows that the short piece curls upon itself to form a lock-washer with radius similar to normal bend 
radius. (The ends are displaced in the plane perpendicular to the plane of the photograph.) x  1,200. 
duced by the UV microbeam curls upon itself into 
a lock-washer configuration (Fig. 12). This curling 
phenomenon was also observed at the two ends, 
produced when the axostyle is severed in only one 
place. The ability to curl is significant in that the 
mechanism may  be  similar to  that  involved in 
wave formation. 
DISCUSSION 
Cilia- and Flagella-like Movements 
of the Axostyle 
The  ribbon-shaped axostyle  of  Pyrsonyrnpha 
contains a highly ordered bundle of microtubules. 
The  semicrystailine organization of the  microtu- 
bules of this axostyle has permitted an analysis of 
its movements in vivo. In cross-section, the axos- 
tyle  is  -3  x  wider  than  thick  and  hence  the 
retardation, as measured with the polarized light 
microscope, varies according to whether the light 
beam passes through the width or thickness of the 
axostyle. Therefore it has been possible to deduce 
the exact three-dimensional waveform of the ax- 
ostylar motion by coupling polarized light micros- 
copy and cinematography. 
We show that the  axostyle has both cilia- and 
flagella-like movements. As with a beating cilium 
(29), the bending of the anterior one-fifth of the 
axostyle has  a  recovery  and  an effective  phase. 
Much  like  the  principal  and  reverse  bends  of 
flagella (16),  the propagating waves contain two 
contiguous arcs with curvature in opposite direc- 
tions, These S-shaped bends or arcs are separated 
by straight regions, the net appearance being that 
of sawtooth-shaped waves that flow rhythmically 
along the axostyle. 
The bends on the Pyrsonympha axostyle were 
previously described by Smith and Arnott (31) as 
half sine waves.  This term  does  not  adequately 
describe the entire wave form which contains both 
a bent and a straight region. Therefore, the more 
descriptive term, sawtooth waves, was adopted in 
this paper. 
The flexual bending of the anterior part of the 
axostyle develops the  sawtooth wave and causes 
the  anterior tip of the  organism to precess.  The 
propagating sawtooth waves cause the axostyle to 
roll  back  and  forth  about  its  long  axis.  The 
precessional and rotational movements occur be- 
cause  the  axostyle  is  intrinsically twisted  into a 
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The  propagating bends  are  nearly planar and 
the twist in the axostyle appears to dissipate in the 
region of the bend. Three or four sawtooth waves 
travel along the axostyle at any given time at an 
average velocity of 40  /~m/s. The  velocity varies 
along the  axostyle apparently because  of differ- 
ences  in  the  physical conditions  that  the  waves 
experience. 
The undulations in the axostyle in Pyrsonympha 
and Saccinobaculus resemble each other but differ 
in several respects. In both organisms, the axostyle 
bends to produce a circular arc which propagates 
down  the  twisted  organelle.  Each  wave  in  the 
axostyle of Pyrsonympha,  however, contains two 
arcs with opposite curvature while the wave in the 
axostyle in Saccinobaculus usually contains a sin- 
gle propagating arc (25). The radii of the arcs on 
the  two  axostyles differ too.  In Saccinobaculus, 
the axostyle bends to a radius of -8  /zm with an 
arc ranging from 60  ~ to 180 ~  while in Pyrsonym- 
pha  the  axostyle  forms  two,  sharp,  contiguous 
arcs, each with a radius of -1.4/zm and each with 
an arc ranging from 40  ~ to 60  ~  In Saccinobaculus, 
therefore,  a  larger  portion  of  the  axostyle  is 
included in each bend than  is true  in Pyrsonym- 
pha. 
The Plane of Bending in the Axostyle and 
the Position of the Dynein Cross-Bridges 
The  plane of bending in  relation to  the  align- 
ment  of  the  microtubular  rows  differs  in  the 
axostyles of Saccinobaculus and Pyrsonympha.  In 
Pyrsonympha, we show that the plane of the bend 
is perpendicular to the width of the axostyle. The 
diagram in Fig. 5  shows orthogonal axes labeled 
x,  y,  and  z  representing  the  width,  height,  and 
length of the axostyle, respectively. In cross-sec- 
tion, microtubular rows appear in succession along 
the x axis (Fig. 5). The microtubular rows them- 
selves lie in the y-z plane. The bending also takes 
place in the y-z plane. This means that bending is 
parallel to the plane of the rows and that microtu- 
bules within a  row  must be displaced relative to 
one  another  during bending. This situation does 
not  pertain  in  the  axostyle  in  Saccinobaculus. 
There, the plane in which bending occurs is per- 
pendicular to the axostyle's width and to the plane 
that contains the rows of microtubules.Therefore, 
in the Saccinobaculus axostyle, relative sliding of 
rows is expected. 
Since  bending  is  parallel  to  the  rows  in  the 
axostyle of Pyrsonympha,  adjacent microtubules 
within  a  row  must be  displaced during bending. 
This means that  the  intrarow cross-bridges must 
either detach or deform during the bending proc- 
ess. On the basis of electron microscope observa- 
tions,  Smith and  Arnott  (31)  report that  in  the 
bend  region  of  the  Pyrsonympha  axostyle  the 
intrarow cross-bridges appear not  to  completely 
span  the  space  between  adjacent  microtubules 
within a  row. This observation may suggest that 
intrarow cross-bridges detach during bending. 
On  the other hand, the intrarow cross-bridges 
may not detach but stretch to accommodate the 
bend. This would require that the intrarow cross- 
bridges stretch to about twice their rest length or 
by  ~20  nm.  This  is the  maximum displacement 
that  should  develop  between  adjacent  microtu- 
bules within a  row when the axostyle bends to a 
radius of curvature in the y-z plane of 1.5/a,m and 
forms an arc which extends over 60  ~  . In fact, such 
an  elastic deformation  may even  explain the  S- 
shape of the bend. The possibility  exists that the B 
curvature forms to relieve the strain on the intra- 
row bridges produced by the A  curvature. Elastic 
deformation of the intrarow cross-bridges may be 
coupled  with  contraction  of  the  tubules  on  the 
inside of the  bend.  Microtubule contraction  has 
been demonstrated in the axostyle of Saccinoba- 
culus (25). 
The  position of the  dyneinlike bridges in  the 
Pyrsonympha axostyle has not been firmly estab- 
lished. The  difficulty in establishing this fact is a 
result  of  the  inability to  grow  these  anaerobic 
protozoa in  culture so as to obtain enough cells 
for  biochemical  studies.  The  existing  evidence 
suggests, however, that the dyneinlike enzyme is 
in the intrarow bridges (2, 26) and that nexin is in 
the intrarow bridges (26). These data are tenuous 
at best and are based principally on  the appear- 
ance of the cross linkers in electron micrographs. 
Dyneinlike bridges are thought  to be more deli- 
cate and less regular in appearance than structural 
bridges. 
If the  dyneinlike cross  bridges generate  force 
within  the  bend  regions  of  the  axostyle,  these 
force-producing cross-bridges should  be  perpen- 
dicular to the width. The one set of bridges, which 
are aligned at 90  ~ to the width of the axostyle and 
are  delicate  in  appearance  like  putative  dynein 
bridges, are the linkers which connect a single row 
of  tubules  running  along  the  inner  face  of the 
axostyle to  the  rest of the  axostyle. This row of 
tubules, seen in the cross-sections of the axostyle 
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parallel to the width and weaker, more irregular 
bridges normal to the width of the axostyle. These 
delicate  bridges  attached  to  this  row  have  the 
proper orientation to serve as the force-generating 
cross-bridges for bending. However, force gener- 
ation may not occur in the bend region as will be 
discussed below. 
The  uniform  distribution  of dyneinlike  cross- 
bridges along the axostyle is supported by obser- 
vation  of the  wave  motion  in  the Pyrsonympha 
axostyle. We  show  that  sawtooth  waves  initiate 
from any point on the axostyle including the distal 
end, an observation that corroborates the obser- 
vation of others (4, 31). In addition, we show that 
the  amplitude  of  the  bend  curvature  is  not 
dampened  as  waves  propagate,  and  that  waves 
can speed up in transit after having been slowed 
by blue light irradiation or by physical constraints 
in  the  cytoplasm of the  cell or  in  the  medium. 
These  observations  suggest  that  the  dyneinlike 
force-producing cross-bridges (14, 17) which con- 
vert  chemical  energy  into  mechanical  work  are 
uniformly distributed along the axostyle. 
We show that the sawtooth waves contain two 
contiguous arcs with curvature in opposite direc- 
tions.  This  could  mean  that  each  active  cross- 
bridge can  generate force in either direction de- 
pending on the direction of curvature. This possi- 
bility has  generally not  been  favored  (5,  6)  be- 
cause it is inconsistent with our knowledge of the 
properties of the cross-bridges in striated muscle, 
in which ease the myosin heads are polarized and 
are believed to only generate force in one direc- 
tion.  However,  our  data  from  the  axostyle  of 
Pyrsonympha strongly suggest that  active sliding 
in either direction is possible. 
The  propagation  of sawtooth  waves  becomes 
more difficult to explain on the basis of unidirec- 
tional force  generation when  one  considers that 
waves  sometimes  reverse  propagation  direction 
without wave  shape  reversal. We observed that. 
when  the  direction of movement  of some waves 
reversed,  the  relationships of the  arcs remained 
unchanged so that the leading arc (arc B) before 
the reversal maintained its negative curvature as it 
became the trailing arc after reversal. This reversal 
of propagation without a concomitant wave shape 
reversal again suggests that active sliding in either 
direction is possible. 
The microtubules of the axostyle in Pvrsonym- 
pha  originate  from  an  anteriorly  placed  axial 
ribbon (4, 7,  20, 3 I). Unlike axonemal microtu- 
bules  whose  proximal  ends  are  anchored  by  a 
basal  body,  the  proximal ends  of  the  axostylar 
microtubules are  simply embedded  in  an  amor- 
phous matrix. The  nature of the amorphous ma- 
terial around the tubule ends is unclear, but the 
lack of a basal-body-like attachment may permit 
displacement of the  tubule ends at the  proximal 
tip. The  absence  of a  basal-body attachment  of 
the axostylar microtubules at the proximal end, in 
contrast to the situation which pertains in cilia and 
flagella, may  be  an  important  consideration for 
axostyle movement. 
Perturbations of Axostyle Motility 
The  motions of the  axostyle are perturbed by 
UV  and  blue  light  microbeam  irradiation  and 
other  environmental  factors  such  as  changes  in 
temperature. These  perturbations are  of interest 
because they help identi~ constraints on models 
that  are  devised to  explain  the  mechanism  and 
coordination of bending. One important modifier 
of axostyle motility is temperature, and we report 
here  that  velocity  and  wave  initiation  respond 
differently to changes in temperature. When the 
temperature of the medium is lowered to 5~  for 
a  short  time  and  then  returned  to  21~  wave 
velocity returns to normal before frequency does, 
This  is  interpreted  to  mean  that  the  factor(s) 
which controls the  initiation event  (an ionic gra- 
dient perhaps) is different from the factor which 
controls  the  on-off  activity of  the  cross-bridges 
(bend curvature perhaps). If cross-bridge control 
is mechanical (6) while wave initiation is chemical, 
one may expect that the cell membrane or vesicle 
membranes which regulate the ionic gradient are 
sensitive  to  temperature  while  the  mechanical 
events would not be. 
Blue light, another perturbant of axostyle motil- 
ity, affects both velocity and wave  form simulta- 
neously. The waves which accumulate in the irra- 
diated region arise as and  are  similar in form to 
the  A  and  B  arcs which  travel into  that  region. 
The  birefringence  of the  irradiated region  does 
not  change,  suggesting  that  the  microtubules 
themselves are intact. Our data do not allow us to 
determine  which  of  the  two  sets  of  bridges,  if 
either, is affected. Nevertheless, the fact that wave 
form and velocity revert to normal beyond a blue 
light-affected region of the axostyle strongly sug- 
gests that  the  factors which  regulate wave  form 
and velocity are  local properties of the  axostyle. 
The  blue  light  effect  is  likely a  result  of the 
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nous or exogenous source in close association with 
the  axostyle.  The  photosensitizer appears  to be 
intimately associated  with  the  axostyle  because 
the response to irradiation is rapid and irradiation 
of  the  cytoplasm  near,  but  not  including,  the 
axostyle does  not  produce a  response.  Birefrin- 
gence of the axostyle is not affected by blue light 
and, therefore, the overall structure of the micro- 
tubules is not affected. The blue light response is 
definitely not a  result of a  local increase in tem- 
perature. Using, as a model, a liquid crystal whose 
color changes sensitively with  temperature  (27), 
we  found  no  temperature  increase by the  same 
dosages of irradiation. In addition, when a  theo- 
retical calculation is made based on the spot size 
of the microbeam and  the conductive properties 
of water, we determined that the energy available 
is insufficient to raise the  temperature anywhere 
near I~ 
A  microbeam of UV light severs the axostyle in 
two, and  the  severed ends can coil into circular 
arcs much  like the  arcs which propagate on  the 
axostyle. The coiling of microtubules at the sev- 
ered ends may be  the  result of the  tendency of 
tubules to coil when not otherwise restrained (12) 
or the result of active cross-bridges which normally 
produce sliding. 
Perturbations,  which  are  not  yet clear to  us, 
cause the axostyle to lose stiffness. The reduction 
in  stiffness results  in  a  larger radius of bending 
which occurs in a  region of the axostyle near the 
nucleus. This region of the axostyle is where the 
second of the two arcs of a sawtooth wave (arc B) 
forms and the flexual motion becomes undulatory. 
The loss of stiffness may reflect a loss of curvature 
of the microtubular rows and a loss of the crescent 
or cupped shape of the axostyle. 
The Position of Force Production in the 
Sawtooth Waves 
The  position of active force production in the 
axostyle of P. vertens is of special interest. If one 
accepts the assumption that force is produced by 
the interrow cross-bridges and that relative sliding 
of microtubular rows  takes place,  it  is  possible 
that active sliding between microtubular rows may 
not take place in the S-shaped bends but rather in 
the  non-bent  segments  of  the  axostyle.  While 
intuitively the S-shaped bends may appear to be 
the active regions (in analogy with  the bends of 
sperm flagella, for example), the following obser- 
vations on the axostyle and a ribbon model of the 
axostyle suggest that the converse may, in fact, be 
true. 
The rows of microtubules in the axostyle of P. 
vertens  are  straight  (orthogonally  arranged)  in 
cross-sections of bends, and the axostyle bends in 
a  plane which  includes the  straight rows, rather 
than  at right angles to the  rows, Conversely, in 
the unbent segments of the axostyle, the microtu- 
bular rows are curved and the cross-section of the 
axostyle itself is cupped. Therefore, corresponding 
microtubules in adjacent rows are displaced rela- 
tive  to  their  arrangement  in  the  bend  region. 
Given these  observations, a  model which  simu- 
lates the  beating  axostyle can  be  made  from  a 
flexible ribbon of paper, A  2-cm wide ribbon of 
bond paper, -30  cm long, is considerably stiffer 
when its cross-section is cupped (and its moment 
increased) compared to when it is not cupped, but 
flat.  (Consider the  rigidity of a  thin  metal  tape 
measure [25] which becomes flat and more easily 
bent when an external bending force exceeding a 
critical value is applied.) The flat ribbon of paper 
held  upright at  its base  cannot  support  its own 
weight and will bow at its base. If at the ribbon's 
base a curvature along the width of the ribbon is 
introduced by squeezing the width of the ribbon, 
the moment of the ribbon increases and the ribbon 
erects itself progressively from the base upwards. 
The  bend  travels  upwards  as  the  ribbon  is 
squeezed.  When  the  moment  is  reduced  by 
squeezing  the  ribbon  less,  the  ribbon  can  no 
longer support itself and the bend travels down. 
Such a progressive stiffening, which results in the 
travel of a  bend,  seems precisely to  take  place 
rhythmically  at  the  rostral  end  of  the  axostyle 
where arc A  is formed. 
Now, if the paper ribbon model is constrained 
by loosely holding the distal end of the ribbon in a 
horizontal direction, then a  second bend equiva- 
lent to arc B  appears as arc A  is made to travel 
from the base upwards. If the ribbon is somewhat 
twisted,  a  back and  forth  rotation  of it coupled 
with rhythmically increased stiffness induced at its 
base,  sends  a  flipping sawtooth  wave  down  the 
length of the ribbon. This model flips in a lifelike 
imitation of the beating axostyle in P, vertens. 
We may thus conjecture that the sawtooth wave 
in  the  axostyle  of  P.  vertens  is  generated  by 
interrow  cross-bridges  which  are  active  in  the 
straight  regions.  The  active  cross-bridges curve 
the  microtubular  rows  and  cup  the  axostyle, 
thereby stiffening the  latter. The  axostyle, upon 
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nal  and  cytoplasmic  constraints,  assumes  the  A 
and B  arcs of the S-shaped bend which is pushed 
ahead  of  the  active  stiff  (straight)  region.  We 
might  then  interpret the  several bends,  accumu- 
lated in the blue light-irradiated region, as bends 
which  pile  up  in  the  absence  of  active  sliding 
between  interrow  tubules  or  as  the  inability  of 
interrow !iukcrs to dissociate or reassociate. 
In  conclusion,  the  axostyle  is  shown  to  have 
many  features  in  common with cilia and  flagella 
but  to  be  simple~  in  structure  and  organization 
and therefore to be a good model of microtubule- 
associated movement. Since  the  axostyle  in Pyr- 
sonympha  exhibits  both  cilia-  and  flagella-like 
behavior,  this  dualism  further  emphasizes  the 
similarities betwec,: these two bending processes. 
The axostyle has a semicrystalline arrangement of 
microtubules, and therefore it may be suitable for 
analysis  by  x-ray  diffraction.  Studies  which  will 
expand our knowledge of the composition of each 
of the different  cross-bridges within  the axostyle 
will significantly  help understand  the  mechanism 
which  localizes  and  coordinates  bending  in  the 
axostyle. A  radial spoke-central sheath complex is 
not required for bend formation, since these struc- 
tures are not present in the axostyle. 
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